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Introduction
The high effectiveness, high specificity, low cost and environment-friendly properties make biocatalysts the preferable alternative to the classic chemical modifications especially in the pharmaceutical chemistry and food modification with the rapid development of green and sustainable chemistry [1, 2] . Lipases, as one of the most extensively used biocatalysts, have gained increased attention in a wide range of reactions such as esterification, hydrolysis and aminolysis due to their excellent chemo-, regio-and stereoselective properties [3] . Nevertheless, the practical industrial applications are often limited by a lack of long-term operational stability and high production costs resulting from the difficulties in recovery and recycling for reuse [4] . In recent years, numerous efforts have been devoted to tackle these issues for delivering reusable and stable enzymes [5] [6] [7] . Immobilizing lipase on some cheap and easily obtained supports in different ways can lead to the properties of enhanced performance, improved stability and prolonged reusability, hence reducing the cost of biocatalysts in enzyme application [8] [9] [10] . Various immobilization strategies such as multipoint or multisubunit are designed to improve the stability and activity of an enzyme [11] [12] [13] [14] [15] [16] ; also, several approaches try to use site-directed mutagenesis to directly improve enzyme performances and then immobilize the enzymes on a support [17] .
A number of suggested lipase immobilization techniques [18] , including covalent bonding [19] , entrapment [20, 21] and physical adsorption [22] [23] [24] [25] with different supports, have assorted advantages and disadvantages to make a comparison difficult. Encapsulating lipase has the drawbacks of mass transfer limitations and low enzyme loading, while strong covalent attachment may cause lipase to be irreversibly deactivated to some extent [4] . On the other hand, the high activity, low cost and simple operation character make physical adsorption to be used widely [26, 27] . Furthermore, as an important part for immobilization, chemically inert supports [28] [29] [30] prompt the multiple use of lipase by improving its physical, chemical and mechanical stability, as well as lipase lifetime [31] . Inorganic supports such as silica [32] [33] [34] , titania (TiO 2 ) [35, 36] , carbon nanotube [37] [38] [39] , Fe 2 O 3 /Fe 3 O 4 [40] and hydrotalcite (LDHs) [41] have been proved to be of great potential for lipase confinement [3] . For their large surface areas, low cost, inertness and stability at elevated temperatures, silicone particles (SP) have drawn great focus in enzyme immobilization. However, unfortunately, for lipase, the hydrophilicity of SP impedes the expression of the real activity, probably on account of an inadequate conformation of the lipase caused by interaction with silanol groups [42] . As we know, the lipases have dual nature as they are mostly hydrophilic with some hydrophobic patches surrounding their active centre that is often blocked by the polypeptide lid [43, 44] . However, the lipases have a specific mechanism of action called interfacial activation [45, 46] . According to reports, the lipase was inclined to an open-form structure in the presence of hydrophobic media or surface [47, 48] . Yet, in actual fact, extremely hydrophobic carriers can cause higher lipase loading for protein molecular crowding, leading to lipase deactivation [49] . During the immobilization processes, protein loading and hydrophobicity/hydrophilicity of the carrier inevitably effect structural and dynamic feature changes in lipases [16] . Therefore, adjusting the properties of hydrophilicity and hydrophobicity of the SP surface by suitable functional groups can enable the SP-based materials to be an ideal carrier for the low-cost immobilization of lipase.
Polyvinylpyrrolidone (PVP), due to its properties of hydrophilicity, lipophilicity, non-ionicity and non-toxicity, has popularly emerged in many areas especially in medicine, food and cosmetics, which are closely related to people's health. In this paper, PVP was selected as the surface modifier for its simple molecular structure, availability, amphiphilicity and safety. Upon modification by PVP, the surface characteristics of SP alternated from hydrophilic to amphiphilic for better interaction with the substrate and more durability to changes of the environment, namely by forming profitable reaction interfaces for lipase. Moreover, interaction between PVP and lipase via electrostatic and/or H-bond interactions [50] will give us an efficient immobilization process. The sequential steps for preparing SP-PVP@CRL are presented in figure 1 ; firstly, the silanol groups on the SP and the hydrophilic domains on the PVP interacted with Candida rugosa lipase (CRL) via electrostatic and/or H-bond interaction. Meanwhile, the hydrophobic units on the PVP interacted with lipase via hydrophobic interaction, which may be effective to keep a 'lid open' conformation to expose the active sites for lipase; on the other hand, the advantageous properties of SP such as high specific surface area, high mechanical stability and safety are also beneficial to catalytic reaction and the immobilization of lipase.
On the basis of the foregoing, we demonstrated the concept that, by immobilizing lipase on the PVP-grafted SP via physical absorption, micro-reactors for lipase catalytic reaction could be formed in the substrate environment, which could increase the stability of lipase, improving the conformation of lipase to offer better catalytic performance. To investigate the interfacial behaviour between carriers and lipase, hydrophilic pristine SP and hydrophobic polystyrene-corded silicone particles (SP-Pst) were also prepared for lipase immobilization. CRL was selected here as a model enzyme in order to assess the potential applicability of PVP-grafted SP as a new carrier. The physical properties, relative activity, stability and reusability were all analysed in this work.
Material and methods

Materials
3-Methacryloxypropyltrimethoxysilane (MPS) was purchased from WD Silicone Co., Ltd (Wuhan, China); N-vinylpyrrolidone (NVP), ammonium persulfate, triethylamine, PVP-K30, styrene (st) and azobisisobutyronitrile (AIBN) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and used without further purification. SP were purchased from Ocean Chemical Engineering Co., Ltd (Qingdao, China). CRL (lyophilized powder, Type VII, 700 U/mg solid) and p-nitrophenyl palmitate (p-NPP) were purchased from Sigma-Aldrich (St Louis, USA). All other solvents or chemicals used were of analytic grade.
Preparation of polyvinylpyrrolidone-grafted silicone particle and polystyrene-grafted silicone particle
SP (30 g) were placed in 150 ml of methanesulfonic acid aqueous solution with a concentration of 5%, and then activated for 4 h under stirring at 102°C. After filtration, the mixture was washed with distilled water repeatedly and dried under vacuum for 24 h [51] . The activated SP were added into ethanol, and then a certain amount of MPS was added. Under the protection of nitrogen, the reaction was carried out for 24 h at 50°C. After the reaction was over, the sample was washed with ethanol repeatedly to remove excess MPS and then dried under vacuum to obtain finally MPS-SP materials [52, 53] .
PVP-K30 (4 g) was dispersed in 200 g ethanol/water mixture (94.5/5.5, w/w) and then 3 g of MPS-SP was added. The mixture was subjected to ultrasonic treatment for 30 min and then 2 g of styrene and 0.2 g of AIBN were added slowly. The reaction was carried out at 70°C under a N 2 atmosphere for 12 h. After the termination of polymerization, the mixture was filtered and washed with ethanol more than five times [52] . Finally, the products were dried under vacuum to obtain a pale grey SP-Pst material.
Deionized water (140 ml), 2.5 g MPS-SP, 0.28 g initiator ammonium persulfate, 0.4 g activator triethylamine and 2.1 g NVP were added in a flask equipped with a N 2 inlet and a water condenser. The reaction was carried out at 70°C under a N 2 atmosphere for 8 h. After the termination of polymerization, the mixture was filtered and washed with ethanol several times. Finally, the products were dried under vacuum to obtain a pale brownish-yellow SP-PVP material.
Immobilization of lipase
The obtained SP-PVP and SP-Pst and original SP were dispersed in lipase solution, and then the mixed solution was incubated at 37°C in a shaker at 160 r.p.m. for 6 h. The immobilized lipases were washed with phosphate buffer (0.1 M, pH = 7.0) three times and freeze-dried in a vacuum chamber. The three obtained immobilized lipases, SP-PVP@CRL, SP-Pst @CRL and SP@CRL, were stored at 4°C until they were used.
Lipase activity assay
The protein concentration was determined by the Bradford method [54] , using bovine serum albumin as the standard. The amount of immobilized enzyme was calculated by subtracting the amount of unimmobilized enzyme from the total lipase used for the immobilization. One unit of activity (U) was defined as the amount of enzyme that hydrolyses 1 µmol of p-NPP per minute under the conditions described previously.
The activities of the free and immobilized lipases were measured by hydrolysing p-NPP under 160 r.p.m. at 37°C for 5 min. The concentration of the hydrolysis product (p-nitrophenol (p-NP)) was measured using a spectrophotometric method at 410 nm [54] . The relative activities were defined by assuming the maximum activity value of the immobilized and free lipase under optimal conditions as 100%. The effects of pH and temperature on the activities of free and immobilized lipases were investigated under a variety of pHs and temperatures. Thermal stabilities of free and immobilized lipases were studied by measuring the residual activities of the lipase after incubation at 50°C for 0-4 h. The recyclability of the biocatalyst was evaluated in consecutive batches of the hydrolysis of p-NPP. Immobilized CRL (30 mg) and 1 ml 0.5% p-NPP ethanol solution (w/v) were mixed in 1 ml of 0.1 M (pH 7.0) phosphate buffer for 30 min at 37°C under mild stirring. The reusability of the immobilized lipase was determined by recovering the immobilized lipase and comparing with the first run (activity defined as 100%).
Characterization
Powder X-ray diffraction (XRD) patterns of the products were collected on a Bruker D8 ADVANCE Xray diffractometer. The scanning electron microscopy (SEM) images were obtained with a Hitachi U8010 field emission scanning electron microscope. Fourier transform infrared (FTIR) spectra were recorded with a Bruker TENSOR27. The thermal stability of samples was studied with a thermogravimetry (TG) analyser (TAQ50, Netzsch, Germany) at a heating rate of 50°C min -1 in a nitrogen atmosphere.
Results and discussion
SP-PVP was prepared by a simple classical polymerization. SP was firstly reacted with methanesulfonic acid and MPS for surface activation to obtain MPS-PVP. Then, the PVP was grafted by polymerization, by which the precursor NVP, initiator ammonium persulfate and activator triethylamine reacted with the activated MPS-PVP. Figure 2 shows the FTIR spectra of particles: pristine SP, MPS-SP, SP-Pst, SP-PVP and SP-PVP @CRL. For the pristine SP, the wide absorption band at 3451 cm −1 was assigned to silanol groups and trace water. After the surface modification of SP, all of the absorption at 3451 cm −1 was weakened, which might arise from the interaction between silanol groups and the modifier. When the MPS was introduced, new absorptions appeared at 2970 cm −1 and 1714 cm −1 , which represented the asymmetric stretching vibration of C-H and the stretching vibration of the C = O bond. Namely, these results showed that MPS had been successfully modified on the SP surface (MPS-SP). After grafting of the Pst on the SP, the framework vibration absorptions of the benzene ring at 1499 and 1443 cm −1 were noted. In addition, when the PVP was introduced on the SP surface, a new absorption appeared at 1648 cm −1 for the stretching vibration of the C = O bond of amide [55] . The strengthened absorption at 1230 cm −1 was attributable to the stretching vibration of the C-N bond. These results indicated that Pst and PVP had been grafted onto the surface of the SP, and the composite particles Pst-PVP and SP-PVP had been obtained. After immobilizing CRL onto SP-PVP, the band at 3451 cm −1 shifted to 3402 cm −1 , due to the interaction between -OH groups from CRL and SP-PVP. Furthermore, the new absorption at 1537 cm −1 appeared for the band of -NH 2 of CRL. That means the interaction between CRL and SP-PVP carriers had occurred. Furthermore, we prepared PVP-removed SP-Pst by two different methods to immobilize CRL (the relevant data are as seen in the electronic supplementary material). The SP-Pst was prepared by the solution polymerization method with toluene as the solvent, which was assigned as SP/Pst-b. Similarly, the SP-Pst was prepared by the dispersion polymerization method with ethyl alcohol and water as the solvents, which was assigned as SP/Pst-e. As from the electronic supplementary material, figure S4 , similarly to a previous report [51] , Pst had been grafted onto SP successfully.
For more details, X-ray photoelectron spectroscopy (XPS) was used to investigate the surface compositions of the samples (the relevant data are as seen in the electronic supplementary material). As shown in electronic supplementary material, figure S1, the peaks of Si-OH in three samples SP, SP-PVP, SP-PVP@CRL were all obtained. After PVP was grafted onto SP, the new peaks appeared at the binding energies of 532.1 and 531.8 eV, which are attributed to C-O-C or C = O (seen as electronic supplementary material, figure S2 ). The results demonstrated that PVP had been grafted onto the surface of the SP, which was consistent with the IR results. The N 1 s spectra of CRL and SP-PVP@CRL are shown in electronic supplementary material, figure S3 . For CRL, the peaks at binding energies of 398.6 eV, 399.7 eV and 400.40 eV are attributed to N 1 s, C-N and NH 4 + , respectively. After the CRL was immobilized on the supporting materials, the new peak appeared at 401.3 eV for NH 4 + , which was obviously shifted to a higher binding energy by 0.9 eV compared to that of CRL, indicating that CRL was bound by electrostatic interaction.
The TG analyses of SP, SP-PVP and SP-PVP@CRL are shown in figure 3a . As can be seen from figure 3a, the mass loss of SP was observed in the range of 50°C to 150°C with the weight loss of water. After PVP is grafted, two weight loss peaks appeared that started at 50°C and 400°C, which are presumed as the weight loss of water and the decomposition of PVP. However, the whole weight loss of the SP-PVP samples was 8.03 wt%, indicating the outstanding thermostability of the SP-PVP materials. Meanwhile, after CRL was loaded on the SP-PVP hybrids, an additional weight loss peak starting at 430°C was observed with a remarkable weight loss, which represents the decomposition of CRL. Furthermore, the powder XRD patterns of SP-PVP before and after adsorption of CRL (seen as figure 3b) were measured to explore the influence of CRL immobilization. A strong decrease in XRD peak intensity was observed after CRL adsorption onto the SP-PVP materials, which was responsible for the lower surface crystallinity resulting from CRL loading. However, the peak shape was the same as that of SP-PVP, which indicated the CRL can be immobilized without affecting the structural integrity of the support materials.
The morphological features of the involved composites were obtained, as shown in figure 4 . For pristine SP, typical smooth surface morphologies can be observed ( figure 4a,d) . Upon PVP grafting, the SP-PVP products showed significantly visible changes in morphology ( figure 4b,e ), by which the surface became rough and irregular because of being covered by the grafted polymer PVP. When CRL was introduced onto the SP-PVP substrate, part of the CRL became grafted to the surface, leading to considerable increase in roughness of the particles' surface (as seen in the SEM image in figure 4c,f ). This is clear evidence that CRL had been immobilized on the SP-PVP material, which was quite consistent with the FTIR and XPS results. To examine the practical potentiality of SP-PVP, CRL was immobilized on the SP-PVP via physical absorption and the relative effect factors of the process were investigated. The efficiency of immobilization was expressed by the amounts of lipase bound on the supports, which was determined by the Bradford method [39] . The change of protein content with different amounts of lipase is shown in figure 5a , where the value of the x-axis represents the percentage of lipase content in the materials. According to the data in figure 5a, the protein content showed a downward trend when the percentage of lipase added was up to 70%, where the corresponding protein content was 215 mg g −1 . The downward trend may be caused by the aggregation of CRL during excessive lipase interaction with the SP-PVP supports, which impeded the adsorption of protein. Figure 5b shows the effect of immobilizing time on the protein content, where the optimal fixed time is 6 h. After the best immobilization time, the protein content decreased gradually and started to level off. The main reason may be that an appropriate reaction time contributed to coupling the lipase onto the supporting materials. As a result, the optimum condition of immobilizing CRL on SP-PVP materials was obtained: the percentage of lipase was 70% and the immobilization time was 6 h. The bound protein of the immobilized lipase under the optimum condition was 215 mg per gram of support. The effect of pH and temperature on the free and immobilized lipase was also assayed by detecting the activity of the obtained lipase under the optimum condition.
As we know, protein is susceptible to excess acid or alkali, hence selecting an appropriate pH value is quite necessary. For comparison, lipase immobilization with carriers SP@CRL and SP-Pst@CRL of different hydrophobicity was also investigated. As depicted in the results, the activity of SP-PVP@CRL was higher than that of SP@CRL and SP-Pst@CRL, which may be attributed to the amphiphilic PVP on SP-PVP that benefits from the lid-open conformation of lipase. The activity and stability of free and the three immobilized lipases were studied at different pHs in the reaction medium at 37°C (figure 6a). For simplicity, we assigned the maximum activity value under optimal conditions as 100% and the activities were expressed as relative activities under other conditions. Compared to the pH endurance of free CRL, all the three immobilized lipases SP@CRL, SP-Pst@CRL and SP-PVP@CRL showed more stability and broader pH scope. The optimum pH shifted from 5.0 for free lipase to 6.0 for SP-PVP@CRL and SP@CRL, which might be due to the effects of the isoelectric point (pI). As we know, the net charge of the protein is negative at a pH higher than and zero at a pH near the isoelectric point. The pI of CRL and the silica surface is around 4.6 and 3.6, respectively, so the net charge of the protein is negative at pH 6.0. Meanwhile, SP and PVP particles, comprising Si-OH and C = O groups, can be considered as weak polyelectrolytes, which would be positive under acidic condition [56] . The amphiphilicity of PVP can combine the buffer effect and hydrophobic interaction for better pH tolerance. For CRL and SP-Pst@CRL, the optimum pH remained at 5.0. It may be explained that the net charge of the protein is zero at pH 5.0, leading to the reduced lateral interactions between the protein molecules [42] . Furthermore, the high hydrophobicity of Pst is lacking in polyelectrolyte groups, which would adjust the local pH around the carriers' surface. As a result, the CRL on the SP-Pst particle was susceptible to the change of pH. However, the hydrophobic regions of Pst and CRL could well interact with each other for higher stability, leading to a broader pH scope. Moreover, the thermal stability of the free and immobilized CRL was examined in the temperature range from 30 to 80°C. Generally, both of them showed the highest activity at 40°C and SP-PVP@CRL exhibited a much better thermal stability than the free and the other two immobilized ones. In particular, an enhanced thermal stability was presented by which the immobilized CRL retains approximately 20% of its initial activity (in the free CRL nearly no activity was retained). This may be ascribed to the robust conjugation of CRL on the amphiphilic PVP-decorated SP surface, which restricted the structure changes of CRL during the heating process. The thermal stability of lipase is another critical index for its industrial applications. The residual activity of free and immobilized lipase was measured by hydrolysing p-NPP and incubating at 50°C for different time intervals. From figure 7, we can infer that both the free and immobilized CRL exhibit a similar trend, while the relative activities of the three immobilized lipases were considerably higher. The free lipase retained about 10% of its initial activity after 3 h of incubation, while SP-Pst@CRL and SP-PVP@CRL could retain about 50% of their activities after this period of time. For the three immobilized CRL, the hydrophilic SP@CRL lost activity fast and retained 25% of its initial activity, while little difference was observed for the amphiphilic SP-PVP@CRL and hydrophobic SP-Pst@CRL. Upon PVP grafting to the surface of the SP, an amphiphilic interface was formed, which might make the immobilized lipase more adaptable and stable for the change of environment caused by consistent growth of the end-product.
In addition, the reusability of immobilized lipase is one of its important advantages. To achieve good reusability of lipase, the immobilized CRL was washed with ethanol after one cycle and reintroduced into a next fresh reaction at 37°C. The variations of the activity of the three immobilized CRL after reuse multiple times are shown in figure 8 . It can be observed that the activities of all three immobilized lipases decreased with cycles. Considering the fact of weaker physisorption between the lipase and the scaffold, a fraction of lipase leaching was inevitable before reaching the absorptiondesorption equilibrium, which may lead to the decrease in activity. According to figure 8, the three obtained immobilized lipases exhibited different cycle performances. The SP-PVP@CRL maintained a higher relative activity at 54% after 10 recycles, while the SP@CRL and SP-Pst@CRL only retain 33% and 40% of their initial activity, respectively. To demonstrate the superiority of amphiphilic PVP functionalization, another two PVP-removed SP-Pst (SP/Pst-b and SP/Pst-e) materials were used as carriers for CRL immobilization. According to the electronic supplementary material, figure S5 , SP-PVP@CRL showed better performance that is similar to the above result. From these results, one possible explanation is that the amphiphilic PVP molecule decorated on the surface of the SP may build a protected microenvironment which can enhance the contact between the lipase and the substrate, so as to offer a profitable reaction interface.
Conclusion
In is work, three support materials, SP, SP-Pst SP-PVP, are designed to immobilize CRL via physical absorption with a maximum protein loading amount of 215 mg g −1 . The enhanced performance of the three immobilized CRL is expected; however, SP-PVP@CRL exhibits superior performance to that of the free and the other two immobilized CRL. Owing to the high specific surface area and mechanical stability of SP and the amphiphilic characteristic of PVP molecules, CRL immobilized on the PVP-grafted SP support shows higher catalytic activity than that immobilized on the support of hydrophilic SP and hydrophobic SP-Pst. SP@CRL and free CRL lost 75% and 90% of their initial activities, respectively, after 3 h of incubation at 50°C, while SP-Pst@CRL and SP-PVP@CRL retained about 50% of their initial activities. Too hydrophobic or hydrophilic carriers for lipase immobilization are not beneficial for delivering good activity of lipase. In addition, after 10 recycles, SP-PVP@CRL retained 54% of its initial activity, which is higher than that of SP@CRL and SP-Pst@CRL. On the basis of the results from this study, the SP modified by the amphiphilic PVP could be an excellent support for immobilization of lipase, and the immobilized enzyme has promising industrial applications at low cost.
